Abstract-This paper investigates som vibrating beam resonators in length extensiona the energy loss by coupling between the beam the device. The resonators were designed a alternative material of quartz, the langasite some interesting piezoelectric and therma process of microfabrication is based on the an etching whose main advantage is that it is a Several characterizations of the devices w control first the shape of the cantilever and th its end. Second, electrical and optical m conducted to obtain the resonant frequency fo and to detect the shear mode of vibration. compared with the theoretical ones which h using a FEM simulator. In this paper, we pro such devices to obtain probes with high perf AFM microscopy.
INTRODUCTION
AFM has been widely used in biotechnol visualize proteins or cells components with resolution or in material research to determin Most of the instruments use the standard o detection. Two disadvantages are first the d cantilever caused by the heat dissipation of th second the artefacts due to the "edge effect" objects like cells, due to the orthogonality be the cantilever. So, an alternative may be t sensing piezoelectric resonator as the p frequency shift of the resonant frequency feedback signal for the tip-surface inte extension resonators have already been stu make cantilever beams for frequency-modul microscopy (FM-AFM) [4, 5] . Piezoelectric on langasite are of current interest in the pi community based on the combination of m piezoelectric coupling, low acoustic loss, coefficients of frequency and reduced n occurring in simple orientations [6, 7] .
The first section deals with the structure following section highlights the behavior of
LGS microresonators f ion and shear effects se 
B. Thermal behavior
The temperature dependence of resonant frequencies is governed by the parabolic equation [5] :
where f is the resonance frequency at the temperature T. T0 is the reference temperature for which the elastic constants are defined and Tf (i) (with i = 1, 2) are the first and second order temperature coefficients of frequency (TCFs). T0 was set at 25°C for all TCF computations. TCFs were obtained by varying the elastic constants, beam dimensions and mass density as a function of temperature. Fig. 2 shows the beam orientation given by θ according to (X, Y, Z) crystallographic axes and the geometry of the beam. Fig. 3 gives the first TCF versus the angle of rotation θ and we can observe two angles for which we obtain temperature compensated cuts. These angles are θ = -7.1° and θ = 61.9°. To confirm the theoretical results, resonant frequencies of the beam characterized by θ = -7° are measured with a spectrum analyzer in a temperature oven between room temperature and 80 °C by step of 5 °C. Experimental results (Fig. 4) show a low dependence of the frequency with temperature (< 400 ppm for 20 °C< T < 80 °C). This stability in temperature is crucial for AFM applications and this characteristic makes langasite a better material than quartz crystal for this application. 
III. FINITE ELEMENT MODELING
The LGS device was modeled using the COMSOL Multiphysics ® software in accordance with the actual dimensions and orientation to get results closest to reality. Thus, the effects of the orientation of the device in the wafer and the effects of the changes in geometry on the displacements of the beams and the frame in-and out-of-plane were studied. But first, a static analysis was conducted to identify the effects of anisotropy of the material. Indeed, during a tension-compression along Y'-axis, the LGS beam undergoes bending along the X-axis due to its anisotropy. We show in this study that this shear effect is due to the rigidity coefficient s' 14 which is different from zero. Further calculations were then conducted to explore the evolution of the coefficients involved in the shear effects for beams aligned along a direction which is in the YZ plane. As an example, Fig. 5 gives the evolution of the s' 14 coefficient when the alignment of the beam varies in YZ plane. As seen, the evolution is different according to the materials but for each crystal two angles allow to cancel the coefficient: for LGS, we have θ = -63° and θ = 28°.
This study was carried out for all coefficients involved in shear effects and results were analyzed. If we do not cancel coefficients, devices will be powered by a movement which is a combination of extension and flexion due to inherent properties of the material. This bending will lead to a loss of resolution for application in microscopes. So, thanks to the results given in this paper, it will be possible to determine a suitable geometry of device which minimizes shear effects and thermal effect to improve microscopes probes performances. Parallel to the analytical model which allowed the determination of the best orientation of the device in the YZ plane, we conducted FEM study to see the effect of the geometry and size of the elements of the device. Fig. 6 exhibits the deformations of the beam and frame at the length extension resonant frequency f 0 = 422 kHz. We observe that the frame displacement is not equal to zero and then that it induces an out-of-plane displacement of the beam. This outof-plane displacement is not acceptable for the AFM probe. It is due to the existence of a resonance of the frame whose frequency f f is close to the resonant frequency of the frame. We decided to change the geometry of the frame. Larger arms induce a decrease of the resonant frequency f f of the frame. Then, the difference ( f f -f 0 ) is greater and the displacement of the frame at the frequency f 0 can be neglected. The deformation of the frame has no effect on the beam deformation (Fig. 7) . 
IV. MICROFABRICATION
Preliminary to the devices fabrication a systematic study of X Y and Z cuts was performed in order to determine the etched rates, the lateral underetch under the mask and the shape of the tip at the end of the beam.
LGS etched samples characteristics with several solutions based on HF, HCl, HNO 3 , H 3 PO 4 and H 2 SO 4 were compared [6] [7] [8] . A selection of an anisotropic etchant with relatively high values of etch rates is necessary to fabricate the devices. HCl based solutions even if they yield to rough surfaces have important advantages for device processing. In particular, these solutions give the highest anisotropic factor. Moreover this acid doesn't induce film formation at the surface of the LGS samples. So, this acid was retained as etchant for the fabrication of the micro resonators. The length extension devices were micromachined in a monocrystal square X plate (38 mm). The lengths of the beam were oriented by an angle θ from the Y orientation according the theoretical results (+/-10°C). The fabrication process was divided into five main steps: metallic mask deposition, photolithography for electrodes design, SiO 2 deposition, photolithographic process for the devices design, chemical etching. Fig. 8 shows the LGS plate just before the etching process. Because of the initial thickness of the LGS plate, the etching time was around 6 hours at a constant temperature of 60°C. After the etching step, the devices were separated from the carrier. Using the appropriate design of the SiO 2 mask, a tip was directly obtained at the end of the beam as shown in Fig. 9 . The tip could be used directly as the AFM sensor instead of the tungsten wire. Eliminating this last step of fabrication can significantly reduce the cost of the resonators. 
V. EXPERIMENTAL RESULTS
Before the electrical characterization of the device, we checked the dimensions and the shapes of the resonators and the tips. Length and width of the beam are consistent with expectations. The shapes of the tips result from blocking facets during etching [6] . Then, using a network analyzer, we determined the amplitude and phase spectra of the resonant device (Fig. 10) . The resonant frequency f 0 = 422 kHz of the fundamental length extensional mode of vibration is in agreement with the theoretical results [4] . Motional parameters and quality factor in air were determined. The quality factor was about 2000, which corresponds to the same order of magnitude as in quartz. Temperature sensitivity was also measured. The results confirmed the frequencytemperature behavior of the devices [9] . Fig. 10 . Impedance amplitude versus frequency spectrum [9] 100µm To measure the resonance frequencies, a sinusoidal signal caused the transducer vibration and consequently the cantilevers vibration. The frequencies responses of each cantilever were measured through a Polytec MSA-500 Laser Doppler vibrometry (LDV). This system measurement on the microstructures MEMS, MOEMS and NEMS finds the resonance frequencies modes with many Scan Points in a short time. These resonance frequencies can be presented like an amplitude, phase or impedance. Moreover, the mechanical behaviors of these resonance frequencies modes can be shown by the deflection shapes 3D animation. The out-of-plane resonance frequencies were identified by locating the peak of the response. The measurement setup was: the LGS microresonator was under probe station with a Laser Doppler Vibrometer (LDV), the 2 voltages-AC signal was injected on the electrode. A chirped waveform was applied and a FFT was performed to display the response in the frequency domain. Several measurements were conducted in the frequency range [410 kHz-440 kHz] to analyze the coupling effect between the beam and the frame. Fig. 11 shows the frequency response of the cantilever. We notice that there is an out-of-plane displacement of the beam at or near the length extension resonant frequency. This proves the effect of the frame deformation on the cantilever displacement. This result is confirmed by the frame frequency response (Fig. 12) . Indeed, a maximum of 75 pm is reached in one point due to a flexion of the arms of the framework. These results are in total agreement with the FEM analysis. 
VI. CONCLUSION
LGS is of real interest to enhance the performances of the FM-AFM probes. Indeed, it has been demonstrated using modeling that two temperature compensated cuts exist for length extension modes of vibration and that a specific design should eliminate the coupling with a shear mode. Moreover, we proved that the microfabrication using a batch low cost process can be used to obtain resonators with good electrical performances. The formation of the tip at the end of the beam is a real advantage of this process of fabrication because it eliminates costly manufacturing steps. Experimental measurements proved that the design of the framework and the orientation of the device in the plate have a significant influence on the out-of-plane displacement of the beam. This is due to coupling between several modes near the resonant frequency of the length-extension mode. The conditions of orientation and design must be optimized to reduce this coupling in order to have pure length extension mode of vibration for the AFM cantilever. Thus, we reduce the energy loss in the framework and we make easier the interpretation of the AFM signal. 
